The King's College London scanning transmission x-ray microscope in use on beam line 5U2 at the SRS, SERC Daresbury Laboratory, has been modified to allow dark-field images to be formed using only the x rays scattered by the specimen. Experiments have been performed with a number of different detector geometries, and this has confirmed that the strongest scattering arises from edges or thickness gradients in the specimen. Although the dark-field signal is only a small fraction of the normal transmitted bright-field signal, features can be revealed with high contrast, and it has proved possible to detect the presence of features that are below the resolution limit of the microscope.
I. INTRODUCTION
There has been a rapid development of x-ray microscopy over the last ten years, stimulated both by the advent of high brightness synchrotron radiation sources and by technological advances that allow the fabrication of the nanometer-scaIe structures that are needed to focus x-ray beams successfully. Two types of high-resolution transmission x-ray microscope have been developed: the imaging x-ray microscope (IXM) pioneered by the group at Giittingen,' and the scanning transmission x-ray microscope (STXM) developed by the SUNY/NSLS collaboration at Brookhaven National Laboratory2 and by the King's College London group at the SERC Daresbury Laboratory.3 The reciprocity principle4*5 ensures that, under certain general conditions, the images obtained with an STXM can be equivalent to those observed with an IXM.
Almost all high-resolution x-ray micrographs so far obtained have been incoherent bright-field images, where the image contrast represents an absorption map of the specimen. In the IXM such images are formed when incoherent illumination is incident on the specimen, and the transmitted flux (including the undiffracted radiation) is used to form a magnified image of the specimen. The equivalent arrangement in the STXM involves scanning a small x-ray probe across the specimen and using a detector that collects all of the x-ray flux transmitted for each position of the x-ray probe on the specimen.
One great advantage that the STXM shares with other scanning instruments in optical and electron microscopy is the ease with which it is possible to implement other imaging conditions, simply by modifying the detector response function in some way. In particular, it is possible to place masks or stops over some parts of the detector plane and thereby to produce dark-field imaging conditions. In this case it is only radiation that is scattered outside the usual bright-field cone that is allowed to contribute to the image signal, with the result that strongly scattering features appear bright while open areas of the specimen produce no scattered signal and appear dark in the image.
In this paper we show the first high-resolution darkfield images obtained with soft x rays. These images were taken with the STXM on beam line 5U2 at the Daresbury SRS.
II. DARK-FIELD IMAGING
The operating principles of the STXM have been described previously.6 The optical arrangement is identical in concept to that employed in many other types of scanning transmission microscope, and differs only in the details of the technology used to realize a working instrument. The simple arrangement shown schematically in Fig. 1 is very similar to that used in a working STXM; a beam of nearly monochromatic x rays is incident on a Fresnel zone plate, which produces a number of focused diffraction orders. A downstream aperture placed on the axis of the zone plate is used to select one particular diffraction order that then provides the focused x-ray probe that is scanned over the specimen in raster fashion. In practice, the first diffraction order is usually selected, as this generally makes the most efficient use of the available x-ray flux, although a higher-order focus would provide a probe of higher spatial resolution.
The usual detector on the STXM on beam line 5U2 at the Daresbury SRS is a gas flow proportional counter (GFPC) that is located about 5-mm downstream of the zone plate focusing element, and has a l-mm-square membrane of lOO-nm-thick silicon nitride as its entrance window. The diameter of the bright-field cone on the detector plane clearly depends on the diameter and the focal length of the zone plate being used, but when operating at a soft x-ray energy of 380 eV, with a high-resolution zone plate of the type produced at King's College London,' the brightfield cone is typically 250 to 300 pm in diameter and occupies only a relatively small fraction of the window area. Different types of dark-field detector stop can be very easily implemented on this system, yet the entrance window is large enough that there remains a significant area of the GFPC window available to collect radiation scattered by the specimen, even when the bright-field cone is fully masked off.
The simplest method of dark-field imaging is just to displace the GFPC transversely to the beam direction, so that the bright-field cone lands not on the detector window but on the surrounding frame of bulk silicon, as indicated (a)
by positions A and I3 in Fig. 2 . In these cases, only x rays scattered in a particular direction by the specimen can contribute to the image signal, so the dark-field image can be expected to demonstrate an asymmetric response to object features. Alternatively, an axially symmetric dark-field detector can be produced by evaporating gold spots of various diameters (in the range 200 to 350 pm) and about l-pm thickness on to silicon nitride windows that are then placed in front of the existing detector window, and are positioned to intercept the bright-field cone as shown in position C in Fig. 2 . With each of the detector geometries considered, the dark-field detector was carefully aligned so that when no specimen was present there was no signal recorded by the GFPC above the noise level. Figure 3 show a pair of images of a standard test object used for assessing the performance of the King's College STXM. It consists of a set of concentric gold rings whose diameters decrease successively by 10% from an outer value of -6 pm. Figure 3(a) shows the usual incoherent bright-field image, where the more strongly absorbing features appear dark. The rings are slightly elliptical because of a small amount of stage drift parallel to the frame scan direction during the image scan. Figure 3 (b) shows a darkfield image taken with the bright-field cone intercepted by a circular stop on the detector, as shown in position C in Fig, 2 . It is clear from the dark-field image that the absorbing gold rings are also the features that scatter the x rays most strongly, as these now appear as bright features on a dark background. The increased elliptical distortion apparent in this image is again caused by stage drift during the image scan, which took over 2 h as the peak signal level in the dark-field image is only about 3% of that in the brightfield image. Although the contrast of the outer rings in the dark-field image is good, the inner, more closely spaced rings are not as clearly resolved in the dark-field image as they are in the bright-field mode.
The images shown in Fig. 4 give some evidence that helps to explain the apparently degraded resolution in the dark-field image of Fig. 3 (b) . Figure 4(a) shows the bright-field image of a very thin ( -20 nm) holey carbon film that has been coated with 60 nm of gold to increase its x-ray absorption. The edges of the holes in such a film are significantly sharper than the size of the focused x-ray probe, a fact which makes this a particularly suitable test object for measuring the image resolution in the STXM. Fig. 2 , and now hole edges parallel to the edge of the half-plane stop give rise to the strongest detected dark-field signal. Furthermore, the signal from one of the two hole edges is somewhat stronger than the other, so that the sign of the edge gradient also appears to affect the strength of the signal scattered in a particular direction. If an orthogonal half-plane stop like that in position A of Fig. 2 is used instead, then the only edges that appear bright are those parallel to the edge of that darkfield stop, while if a circularly symmetric stop like that shown in position C is used, the hole edges appear uniformly bright once more, as can be seen from Fig. 4(c) . The images shown in Fig. 5 are of a specimen prepared for us by Dr. R. S. Payne (then working at the University of Surrey, Guildford, U.K.) that consists of a thin polystyrene film into which a random array of gold spheres has been deposited.* The spheres have a range of sizes up to a maximum value of -100 nm, with a mean size of around 50 nm, so the spheres are comparable in size to the estimated bright-field resolution of about 65 nm for the zone plate being used. The left-hand side of the bright-field image shown in Fig. 5(a) is simply empty space. To the right there is a triangular region which has a single thickness of polystyrene film, while the upper right quadrant shows an area where the film has folded over to form a double thickness layer. The dark-field image in Fig. 5(b) shows the same field of view, and was taken with a central stop on the detector as shown in position C in Fig. 2 . Now it is the double thickness layer in the top right sector that gives the highest mean signal level. The central section of single thickness film gives rise to a scattered x-ray signal that has a mean level almost half that of the double layer, while the signal in the left of the image is consistent with noise. The nickel grid bar in the bottom right corner of the image scatters quite strongly, and there is also a very small, clearly visible, bright spot in the dark-field image that is very difficult to see in the bright-field image, even after significantly enhancing the bright-field image contrast.
The same area of film was subsequently examined at much higher resolution in a transmission electron microscope. This examination revealed the source of the strong dark-field signal to be a small, almost rectangular feature about 750 X 900 nm in size, with rounded corners, that had an electron transparency identical to the surrounding area of film, but whose perimeter was defined by a very sharp e&se -5O-nm thick. It has so far not been possible to further identify the nature of this small feature, since attempts at microanalysis in the transmission electron microscope are complicated by the presence of the gold spheres all over both this feature and the surrounding film.
IV. INTERPRETATION OF DARK-FIELD IMAGES
It seems clear from the images shown in Fig. 4 that it is edges or thickness gradients that give rise to the strongest dark-field signals, since if the signal was related simply to the mass thickness under the x-ray beam the mean signal level from the areas of uniform foil surrounding the holes would be greater than from the open areas of the holes themselves, This is not observed to be the case. Further- more, the orientation of the edge with respect to a halfplane dark-field stop strongly affects the strength of the signal detected.
The apparent decrease in resolution in the dark-field image of Fig. 3 (b) can be explained on the same basis. Every ring in the test pattern has two edges associated with it, and these are close enough together to be below the resolution limit of the STXM. The outer rings appear as individual rings because the mark to space ratio for these rings is significantly below l:l. The mark to space ratio of the inner rings is much closer to unity, so the dark-field image will contain periodic "features" that are at half the spacing of the rings. As this spacing is now below the from the feature in Fig. 5(b) , but also from the high visibility of the very small holes in the holey carbon film shown in Fig. 3 . These are much more easily seen in the dark-field image of Fig. 3 than in the bright-field image of Fig. 3(a) .
V. CONCLUSIONS
Dark-field imaging is already well established in optical and electron microscopy, and is used routinely to reveal the presence of objects whose size is below the Rayleigh resolution of the instrument. The results presented here indicate that dark-field imaging may have a similar usefulness in x-ray microscopy. The main disadvantages of the technique when compared to bright-field imaging are the relatively low signal levels that are encountered, with count' rates of only a few percent of the bright-field signal, and the inherent nonlinearity of the imaging process which makes interpretation of the image contrast in terms of the object structure more difficult. The advent of very high brightness x-ray sources, particularly at higher x-ray energies, will surely alleviate the problems associated with relatively low signal level, and will demand that all possible information be gleaned from every irradiation of the specimen. In this context it will be useful to develop simultaneous brightfield and dark-field imaging, a feature that is now commonplace on modern scanning transmission electron microscopes, but which will require the development of multielement detectors for the STXM. resolution limit of the STXM (as set by the size of the focused x-ray probe), none of the inner rings are resolved. This explanation can be tested very simply, by replacing the circular dark-field stop used to obtain the image of Fig.  3(b) by a half-plane stop like A or B in Fig. 2 . When this is done the inner rings can once again be resolved, as only one edge of each ring now contributes strongly to the detected dark-field signal:
The dark-field image in Fig. 5(b) is very encouraging for the future usefulness of the technique. The gold spheres embedded in the polystyrene film are at or below the resolution limit of the STXM, yet they are clearly giving rise to a detectable dark-field signal. The fact that the dark-field signal doubles in the region where the film thickness is double also suggests that the image contrast may be proportional to the mean density of the scattering objects. Although the discussion concerning Fig. 3 (b) suggests that dark-field imaging is not particularly well-suited to the imaging of closely spaced periodic structures, it does appear to be effective in revealing isolated features. Indeed a small, isolated object that has well-defined edges can give a very obvious dark-field signal. This is apparent not only
